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Magnon-photon coupling has been experimentally realized inside a cavity and the emerging field
known as cavity spintronics has attracted significant attention for its potential docking with quantum
information science. However, one seldom knows whether this coupling implies an entanglement
state among magnons and photons or not, which is crucial for its usage in quantum information.
Here we study the entanglement properties among magnons and photons in an antiferromagnet-light
system and find that the entanglement between magnon and photon is nearly zero while the magnon-
magnon entanglement is very strong and it can be even further enhanced through the coupling with
the cavity photons. The maximum enhancement occurs when the antiferromagnet reaches resonant
with the light. The essential physics can be well understood within the picture of cavity induced
cooling of magnon-magnon state near its joint vacuum with stronger entanglement. Our results
are significant to extend the cavity spintronics to quantum manipulation and further provide an
alternate to manipulate the deep strong correlations of continuous variable entanglement with a
generic stable condition and easy tunability.
Introduction.— Antiferromagnetic (AFM) spintronics
emerges for its better stability and fast dynamics over
its ferromagnetic counterpart [1, 2]. Of particular in-
terest are antiferromagnetic spin waves (magnons) that
show much richer physics than ferromagnets, such as the
spin pumping at the interface of an AFM/normal metal
bilayer [3], magnon spin current enhancement through
an AFM layer [4–7], long-distance magnon transport [8–
10], and magnon-driven magnetic structure motion [11–
13]. It has recently been theoretically proposed [14]
and experimentally verified [15] that antiferromagnetic
magnons can be strongly coupled to the light by placing
an AFM element into a cavity, which serves a promis-
ing candidate to realize coherent information transfer be-
tween magnons and photons for its superb stability and
tunability of magnons properties through external knobs.
One promising application of the hybridized magnon-
photon polariton is to connect it with the quantum infor-
mation science [16, 17], similar to the cavity electrody-
namics that rose 20 years ago and has found its role in the
implementation of quantum qubits and quantum com-
puting circuits [18]. To push the development of cavity
spintronics along this line, it is crucial to have a clear in-
sight into the quantum correlations among magnons and
photons, especially their entanglement properties, which
are central resources for quantum computing and quan-
tum technologies.
Intuitively, one may think that the quantum coupling
between magnons and photons could always result in
quantum entanglement between them, however, this is
not essentially true. Here both magnons and photons
are bosons with continuous excitation spectrum while
determining the existence and quantity of entanglement
between these continuous modes are highly non-trivial
issues [19–25]. As widely investigated in quantum op-
tics [19, 23], if the two bosonic modes (a and b) are cou-
pled in a beam-splitter-type (a†b+ab†), there is no entan-
glement between them in a steady state, while if their in-
teraction is parametric-down-conversion-type (a†b†+ab),
the modes can be entangled. In an AFM, the situation
is more complex since the two types of magnons are mu-
tually coupled to each other and are also coupled, but in
different way, to the photon mode. Therefore, it is de-
sirable to determine how magnons and photons interplay
to entangle with each other in this three-mode system.
In this letter, we study the entanglement proper-
ties among magnons and photons in an AFM-light sys-
tem and find that the magnon-photon entanglement is
very weak near the anticrossing point of the spectrum.
Surprisingly, the magnon-magnon entanglement is very
strong at this point and becomes even stronger than the
magnon-magnon entanglement in the absence of light,
which is ascertained to be a unique feature of the deep
strong coupling between magnons. The essential physics
can be well understood using the cavity cooling picture,
where cavity photons effectively cool the magnons near
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FIG. 1. Scheme of a two-sublattice ferrimagnet and its cou-
pling with an electromagnetic wave. The magnetic moments
on the two sublattices (red and blue arrows) pointing along
±z directions represent the classical ground state of the sys-
tem.
their vacuum state exhibiting a much stronger entangle-
ment. These results may be significant if one tends to
extend the cavity spintronics to quantum manipulation,
where the entanglement among magnons is an important
resource.
General formalism.— We begin with presenting a gen-
eral theory of the magnet-light interaction in a two-
sublattice magnet as shown in Fig. 1. Then, we concen-
trate on the AFM case followed by a short discussion on
ferrimagnetic (FiM) and ferromagnetic (FM) case. The
Hamiltonian of the magnet coupled with the microwave
inside a cavity though its magnetic field component can
be written as H = HFiM+Hph+Hint, where HFiM, Hph,
Hint are respectively the Hamiltonian for FiM, photon
and their interaction that read,
HFiM = J
∑
l,δ
Sl · Sl+δ −
∑
l
(H−Han) · Sl,
Hph = 1
2
∫ (
0E
2 +
1
µ0
B2
)
dxdydz,
Hint = −
∑
l
Sl ·Hf , (1)
where J > 0 is the exchange constant, Sl is the spin on
site l, and δ is the displacement of two nearest spins.
H and Han are the external static and anisotropy fields,
respectively. E and B are electric field and magnetic in-
ductance components of the electromagnetic (EM) wave,
while Hf is the corresponding magnetic field, and 0, µ0
are respectively vacuum permittivity and susceptibility.
Following the standard quantization procedures for
magnons and photons [26–28], the Hamiltonian can be
reformulated as,
H = ωaa†a+ ωbb†b+ gab(a†b† + ab)
+ ωcc
†c+ gac
(
a†c† + ac
)
+ gbc
(
b†c+ bc†
)
, (2)
in which, ωa = Hex,b+Han,a+H, ωb = Hex,a+Han,b−H,
Hex,µ = 2zJS
2
µ (µ = a, b), Sµ is the magnitude of spin
vector, z is the coordination number, gab =
√
Hex,aHex,b
is the coupling of magnon modes excited on the two sub-
lattices, ωc is the photon frequency, gµc (µ = a, b) is
the interaction strength between magnons and photons.
Here a†, b†, c†, a, b, c refer to the creaiton/annhilation op-
erators for magnons and photons, respectively.
The Hamiltonian (2) leads to the quantum Langevin
equations,
da
dt
= −(γa + iωa)a− igabb† − igacc† +
√
2γaain,
db
dt
= −(γb + iωb)b− igaba† − igbcc+
√
2γbbin,
dc
dt
= −(γc + iωc)c− igaca† − igbcb+
√
2γccin, (3)
where we have introduced the dissipation (γa, γb, γc)
and input quantum noise (ain, bin, cin) for each mode
according to the standard fluctuation-dissipation the-
orem [27]. Here the noise has zero mean average
and delta-correlation in the form of 〈ain(t)a†in(t′)〉 =
〈bin(t)b†in(t′)〉 = 〈cin(t)c†in(t′)〉 = δ(t− t′) [29].
To quantify the entanglement of arbitrary two modes
in the system, we first define the quadrature operators of
each mode as Xµ = (µ + µ
†)/
√
2, Yµ = (µ − µ†)/
√
2i
(µ = a, b, c). Then the Langevin equation (3) can
be reformulated in a matrix form, du/dt = M · u +
Λ · uin, where u = (Xa, Ya, Xb, Yb, Xc, Yc)T , the noise
uin = (Xin,a, Yin,a, Xin,b, Yin,b, Xin,c, Yin,c)
T , the matrix
Λ = diag(
√
2γa,
√
2γa,
√
2γb,
√
2γb,
√
2γc,
√
2γc), and the
drift matrix,
M =

−γa ωa 0 −gab 0 −gac
−ωa −γa −gab 0 −gac 0
0 −gab −γb ωb 0 gbc
−gab 0 −ωb −γb −gbc 0
0 −gac 0 gbc −γc ωc
−gac 0 −gbc 0 −ωc −γc
 . (4)
According to the Routh-Hurwitz criterion, the system
is stable if all the eigenvalues of M has negative real
parts [30], which is almost automatically satisfied for an
AFM that will be explained below.
The linearity of the Langevin equation together with
the Gaussian nature of the noise imply that the steady
state of the three-mode system is a Gaussian state and
it is fully characterized by a steady covariance matrix
V defined as Vij = 〈uiuj + ujui〉/2, which can be ob-
tained by solving the Lyapunov equation [31], MV +
VMT = −D, where D = diag(γa, γa, γb, γb, γc, γc).
The strength of entanglement of two modes of in-
terest is quantified by the logarithmic negativity de-
fined as, EN = max [0,− ln[2η−]], where η− =√∑
(V′)− [∑V′2 − 4 detV′]1/2/√2, ∑V′ and detV′
are the two symplectic invariants of the reduced covari-
ance matrix V′ of two modes [19, 32, 33].
Antiferromagnetic case.— In an AFM, the sublattice
permutation symmetry implies Sa = Sb ≡ S, γa =
3a b
cE N
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FIG. 2. (a) The enhanced entanglement EN between two
magnons a and b in the presence of light mode c as a function
of external field H/Hsp, for photon frequency ωc/Hsp = 0.80
(black line), 0.85 (red line), 0.90 (blue line), respectively. The
horizontal dashed line at EN = 0.6851 is the magnon-magnon
entanglement without light while the merged dot-dashed lines
at EN = 0 indicate no entanglement between a − c and
b − c. (b) The dispersion relations for an antiferromagnet
with ωc/Hsp = 0.85 and gac = gbc = 0.01Hex. Obviously, the
optical magnon band (ωα) is left unchanged, while the acous-
tic band (ωβ) is hybridized with photon mode (ωc) to form
modes ω2,3. (c) The population of modes c and α, β. The red
dashed line represents the occupation of α/β mode without
light. (d-f) are similar to (a-c) but with gac = 0.01Hex and
gbc = 0. Other parameters are gab = Hex, Han = 0.0163Hex,
γm = 0.001Hex and γc = 0.003Hex. For simplicity in the
following all the parameters are expressed in units of Hex.
γb ≡ γm, gab = Hex ≡ 2zJS2, gac = gbc ≡ gmp. In
this case, we can analytically solve the eigenequation
det(λI−M) = 0, and obtain λ1,2,3,4 = −γm− i(Hsp±H)
for gmp = 0, where each eigenvalue is double degenerate
and Hsp =
√
Han(Han + 2Hex) is spin-flop field of the
system. Since the dissipation rate γm > 0, the system
can always reach a stable steady state, regardless of the
initial states. This stability condition imposes less con-
strains on the parameters than those in the traditional
three-mode optomechanical systems, where a strict con-
strain on the coupling strengths and the dissipation rates
are required [34]. This conclusion is also valid in the case
of gmp 6= 0 [35].
Figure 2a shows that the magnon-photon entanglement
is zero (merged dot-dashed lines at EN = 0) while the
magnon-magnon entanglement is significantly enhanced
compared with the value in the absence of light (dashed
line around ln 2 [33]). As the photon frequency is tuned
from ωc/Hsp=0.80 (black), 0.85 (red) to 0.90 (blue), the
maximum enhancement locates at H/Hsp = 0.20, 0.15
and 0.10, respectively. To analyze the essential physics,
we first diagonalize the antiferromagnetic Hamiltonian
HFiM in Eq. (1) by introducing two Bogoliubov modes
α = cosh θa − sinh θb†, β = − sinh θa† + cosh θb, where
tanh 2θ = −2gab/(ωa + ωb). In terms of the Bogoliubov
modes, the Hamiltonian (2) becomes
H = ωαα†α+ ωββ†β + ωcc†c
+ gαc(α
†c† + αc) + gβc(βc† + β†c), (5)
where gαc = gac cosh θ + gbc sinh θ, gβc = gac sinh θ +
gbc cosh θ, and ωα,β = ±H + Hsp represent the optical
and acoustic magnon bands, respectively.
Let us first analyze the position of maximum enhance-
ment of magnon-magnon entanglement in the presence
of photons. The two eigenmodes of magnons (ωα,β) to-
gether with the photon mode for ωc/Hsp = 0.85 are plot-
ted in Fig. 2b as dashed lines. Now we immediately see
that the maximum enhancement of entanglement, as seen
in Fig. 2a, appears when the strong coupling occurs by
adjusting the external field H/Hsp = 0.15 so that the
photon frequency becomes resonant with the frequency of
the acoustic magnon β, i.e., ωβ = ωc. Due to the coupling
of magnons with photons, a gap should open near the
crossing point H/Hsp = 0.15 as shown by solid blue and
red lines in Fig. 2b, i.e., the eigenmodes ω1,2,3 of the cou-
pled system become superpositions of the magnon modes
and photon mode. Here acoustic magnon frequency ωβ
and photon frequency ωc superpose to form the eigen-
frequencies ω2 and ω3, while the optical magnon mode
ωα is left unchanged as a dark mode [14], indicated by
ω1 = ωα (merged black solid and dashed lines in Fig.
2b). The depth of anticrossing gap at H/Hsp = 0.15 in-
dicates the effective coupling strength between magnons
and photons.
We now proceed to explain the enhancement of the
magnon-magnon entanglement in the presence of light
mode. In terms of the two-mode squeezing operator
S(θ) = exp[θ(ab − a†b†)] [36], the magnon eigenmodes
can be reformulated as α = S(θ)aS†(θ), β = S(θ)bS†(θ),
and thus the joint ground state of α and β modes is
a two-mode squeezed state |θ〉 = S(θ)|0a, 0b〉 with en-
tanglement 2|θ| [37], where |0a, 0b〉 is the joint vacuum
of magnon modes a and b. According to Eq. (5), the
photon mode couples with the acoustic magnon mode β
by a beam-splitter-type interaction and thus serves as
a cooling bath to cool the mode β toward its ground
state [38]. Note that the ground state entanglement
4EN = 2|θ| ≈ arctanh(1 + Han/Hex)−1 ≈ 2.41 is larger
than the entanglement in the absence of the light (ln 2).
This cooling mechanism consequently enhances the en-
tanglement of two magnons. As the other Bogoliubov
mode α is a dark mode that is non-resonant with the pho-
tons, its role in the cooling process is thus neglectable.
To demonstrate this point, we plot the average popula-
tion of α, β and c in Fig. 2c as black, red, and blue lines,
respectively. Clearly, the occupancy of mode β is re-
duced towards its ground state under cavity cooling and
takes on minimum while the population of photon mode
c takes on a maximum near the anticrossing point, where
the strong coupling between β and c occurs and the cool-
ing effect is most efficient. The population of dark mode
α is almost unchanged when we tune the field, as it is
decoupled from the cavity mode c. This means that the
achieved state is not an ideal two-mode squeezed vac-
uum state as α is not cooled, but Fig. 2a shows that the
entanglement is significantly enhanced EN ≈ 1.05.
To further testify the physics of cavity cooling, we
artificially tune gbc = 0 and find that the magnon-
magnon enhancement becomes even stronger, as shown
in Fig. 2d. This is because the coupling strength |gβc|
between modes β and c becomes larger when gbc = 0
compared with the case of gbc 6= 0 [39] (evidenced by the
larger frequency split of the two anticrossing modes at
the resonance shown in Fig. 2e) and thus induces more
efficient cooling of magnons (indicated by the lower pop-
ulation of mode β in Fig. 2f) as well as stronger enhance-
ment of magnon-magnon entanglement (Fig. 2d). Similar
enhancement is observed when gac = 0.
We point out that the enhancement of the magnon-
magnon entanglement appears only in the deep strong
coupling regime (gab ∼ ωa,b), and it is absent in the
weak and even in the strong coupling regimes where
gab ∼ 0.01 − 0.1ωa,b. This is clearly seen from Fig. 3a
that in the strong coupling regime, gab/Hex = 0.01, the
entanglement between a and c starts to appear when
gmp increases from its gmp = 0 value, whereas the en-
tanglement between a and b slightly decreases. This is
expected since a part of entanglement between a and b
is transferred to mode c through the beam-splitter-type
coupling between modes b and c. On the other hand, in
the case of a deep strong coupling regime illustrated in
Fig. 3b for gab/Hex = 1.0, the significant enhancement
of the magnon-magnon entanglement appears and it re-
mains large when gmp is increased, whereas the entangle-
ment between a− c is completely suppressed. When the
coupling strength gmp is further increased such that it ap-
proaches the value of gab, the competition starts and the
entanglement between a− c appears as well, as indicated
in Fig. 3b. A complete phase diagram of these two cases is
shown in Fig. 3c. The absence of the enhancement of the
magnon-magnon entanglement in the weak and strong
coupling regimes can be well understood in the cavity
cooling scheme. In the strong coupling regime, the entan-
gab/Hex
E N
(a)
 
(b)
gab/Hex=1.0
gab/Hex=0.01
(c)
gmp/Hexgmp/Hex
g m
p/H
ex
FIG. 3. The entanglement as a function of magnon-photon
coupling strength gmp when the system is in the strong cou-
pling regime gab/Hex = 0.01 (a) and in the deep strong
coupling regime gab/Hex = 1 (b), respectively. The red
dashed lines represent the magnon-magnon entanglement in
the absence of the photon mode. (c) The steady magnon-
magnon entanglement distribution in the gab − gmp phase
plane. The right side marks the deep strong coupling regime,
where a considerable enhancement is observed. Other pa-
rameters are H/Hsp = 0.15, ωc/Hsp = 0.85, γm = 0.001Hex,
γc = 0.003Hex.
glement between a−b without the light mode is given by
EN ≈ ln(1 + gab/(Hex +Han)) ≈ gab/(Hex +Han), which
is almost equal to the entanglement of the joint vac-
uum |2θ| ≈ | tanh 2θ| = gab/(Hex + Han) since |2θ|  1
[33]. Hence, the cooling of magnon mode to its vac-
uum does not induce considerable enhancement of the
magnon-magnon entanglement, while the competition of
creating entanglement between a and c reduces the orig-
inal entanglement between a and b.
Ferri-/Ferro-magnetic case.— For a two-sublattice fer-
rimagnet (Sa 6= Sb, gac 6= gbc), the enhancement of
magnon-magnon entanglement is similar to the anti-
ferromagnet case once the deep strong coupling con-
dition is satisfied, i.e., gab ∼ ωa, ωb. A ferromagnet
corresponds to the limiting case of Sa → 0 in which
gab ∝ SaSb → 0, and then the physics becomes different.
Specifically, for a single sublattice ferromagnet coupled
with the light mode, Eq. (2) is reduced to H = ωbb†b +
ωcc
†c + gbc(b†c + bc†), the spectrum of which takes the
form, ω1,2 =
1
2
[
(ωb + ωc)±
√
(ωb − ωc)2 + g2bc
]
, which
has an anticrossing near the point ωb = ωc [40]. How-
ever, the stable state is not an entangled state, because
the magnon mode b is coupled to the photon c by a beam-
splitter-type interaction. Note also that the parametric-
down-conversion-type coupling of a and c in AFM case
does not lead to an entanglement state, either. These
findings clearly show that the magnon-photon coupling
is not a sufficient condition for magnon-photon entangle-
ment.
5Conclusions.— In summary, we have studied the en-
tanglement properties of magnons and photons inside a
cavity and find that the entanglement between magnons
and photons are very weak. Instead, the magnons ex-
cited on the two sublattices of an AFM are strongly en-
tangled and this entanglement can be enhanced to its
maximum when the magnons are coupled to the photon
in the resonant condition. The maximum enhancement
increases monotonically with the coupling strength be-
tween magnons and photons while it optimizes at a par-
ticular dissipation rate of the cavity [41]. We ascertain
that such enhancement comes from the cavity cooling ef-
fect and it is a unique feature of the antiferromagnet with
the deep strong coupling between two magnons and it dis-
appears for normal system with strong coupling. To mea-
sure the entanglement enhancement, one may couple an
AFM insulator such as MnF2 and NiO with high-quality
cavity/co-planar waveguide and measure the noise level
of the system.
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